ABSTRACT: To study the influence of aqueous solvent on the electronic energy levels of dissolved organic molecules, we conducted liquid microjet photoelectron spectroscopy (PES) measurements of the aqueous vertical ionization energies (VIE aq ) of aniline (7.49 eV), veratrole alcohol (7.68 eV), and imidazole (8.51 eV). We also reanalyzed previously reported experimental PES data for phenol, phenolate, thymidine, and protonated imidazolium cation. We then simulated PE spectra by means of QM/MM molecular dynamics and EOM-IP-CCSD calculations with effective fragment potentials, used to describe the aqueous vertical ionization energies for six molecules, including aniline, phenol, veratrole alcohol, imidazole, methoxybenzene, and dimethylsulfide. Experimental and computational data enable us to decompose the VIE aq into elementary processes. For neutral compounds, the shift in VIE upon solvation, ΔVIE aq , was found to range from ≈−0.5 to −0.91 eV. The ΔVIE aq was further explained in terms of the influence of deforming the gas phase solute into its solution phase conformation, the influence of solute hydrogen-bond donor and acceptor interactions with proximate solvent molecules, and the polarization of about 3000 outerlying solvent molecules. Among the neutral compounds, variability in ΔVIE aq appeared largely controlled by differences in solute−solvent hydrogen-bonding interactions. Detailed computational analysis of the flexible molecule veratrole alcohol reveals that the VIE is strongly dependent on molecular conformation in both gas and aqueous phases. Finally, aqueous reorganization energies of the oxidation half-cell ionization reaction were determined from experimental data or estimated from simulation for the six compounds aniline, phenol, phenolate, veratrole alcohol, dimethylsulfide, and methoxybenzene, revealing a surprising constancy of 2.06 to 2.35 eV.
■ INTRODUCTION
Organic reactions in aqueous solution 1 are a central topic in the biochemical sciences, 2 in aquatic environmental chemistry, 3, 4 water treatment, 5−7 and in the study of cloud droplets 8 and other hydrated aerosols. 9 The reactivities of organic chemicals in aqueous solution are determined by their solvated electronic structure. The most direct measurement of electronic energy levels is the determination of electron binding energies by means of photoelectron spectroscopy (PES), which has been applied to gas phase molecules, clusters, solids, and surfaces for decades. 10, 11 From a chemist's perspective, the valence region of the PE spectrum is of utmost interest, since it contains the energy levels of the valence electrons taking part in chemical transformations.
Only recently was the concept of PE spectra transferred from the gas phase into the bulk aqueous solution. With the introduction of the aqueous microjet technique, 12−14 it became possible to measure PE spectra of solvated molecules in an aqueous microjet of about 24 μm diameter. This technique scans multiple spectral bands, each of which correspond to the ejection of single valence electrons from different energy levels of the solvated molecule. Thus, it allows the direct observation of the effects of solvation on the valence electronic structure of the solutes. Aqueous valence PE spectra have been published for several inorganic species, 15−23 but data on organics are limited to a few molecules: imidazole, 24 protonated imidazolium, 25 thymidine, 26 cytidine, 26 phenol, 27 and phenolate. 27 In a differential spectrum, from which the water solvent background has been subtracted, the lowest energy PE band corresponds to the first valence vertical ionization energy, VIE aq . Throughout this article, the second and third lowest energy ionizations are referred to as VIE 2,aq and VIE 3,aq , respectively. The experimental determination of VIE i,aq by this manner is greatly facilitated if VIE i,aq is lower in energy than the 1b 1 water band onset, which is the case for VIE 1,aq of the compounds studied here.
The VIE aq is directly related to the reorganization energy, λ aq , of a one-electron oxidation half-cell reaction, as illustrated by the thermodynamic cycle in Figure 1 : 
where AIE aq is the adiabatic ionization energy in aqueous solution, E h,i is the free energy of reaction of compound i with the standard hydrogen electrode (SHE), the latter having an absolute potential of E h,SHE , and F is the Faraday constant. Note that the AIE aq differs from the standard oxidation potential E h,i in that (i) AIE aq is a free energy of reaction, that is, not referenced to the SHE; and (ii) the ejected electron is described within the ion convention, which adds a constant −0.03261 eV to the AIE aq . 28 As discussed in earlier work, 19, 29, 30 the above definition of λ aq is general; in other words it is not restricted to the linear response approximation (LRA) employed in Marcus theory. In eq 1 we have ignored the small potential difference between solution and vapor phase. 19 The reorganization energy, λ aq , corresponds to the energy required to deform the ionized solute + solvent system from its equilibrium geometry to the geometry of the nonionized state. We may thus consider a two-step process: (i) a one-electron oxidation at the nonionized system geometry, and (ii) the subsequent relaxation of the geometry of the ionized system, freeing −λ aq . We can imagine these processes to take place either in solution or in the gas phase, as summarized in Figure 1 for the oxidation half-cell reaction. Thus, we may express the effect of solvation on the quantities VIE, AIE, and λ,a s (4) Consequently, the vertical ionization, adiabatic ionization, and reorganization processes can each be separated into a gas phase and a solution phase component. The ΔVIE aq , ΔAIE aq , and Δλ aq represent the change in vertical ionization energy, adiabatic ionization energy, and reorganization energy, respectively, upon moving from the gas phase into the aqueous phase.
Within the Marcus linear response approximation, the vertical ionization energy can be used to compute the adiabatic ionization energy of a one-electron oxidation in either gas or solution phase: 31, 32 
In eq 5, VIE is the lowest vertical ionization energy of the reduced species, for example, as measured by PES. VEA ox ,i n contrast, is the vertical electron attachment energy of the oxidized radical species. Although VEA ox has not been measured, it has been used in computation to estimate redox potentials of inorganic and organic compounds in solution. 31, 32 Eq 5 assumes that λ is identical for both the oxidation step and the (reverse) reduction step of a half-reaction. The VIE is further connected to the Marcus theory of electron transfer in the condensed phase, in which the outer sphere electron transfer (ET) rate constant, k et , may be estimated from the free energy of reaction of the redox pair, ΔG rxn ,a n dt h e reorganization energy of reaction, λ rxn : 
where H AB is the electronic coupling element between the reactant state A and the product state B, k b is the Boltzmann constant, and T is the temperature. Any computational protocol aiming at the estimation of redox potentials should be able to reproduce the VIE of a solvated molecule, if not its entire valence PE spectrum. To test such computational protocols, we compare computed VIE aq distributions with experimental PE spectra for diverse organic molecules. To date, given the scarce number of organic molecules for which aqueous PE spectra have been reported, this is hardly possible.
In the present contribution, our goals are 3-fold. First, we extend the set of experimentally available valence PE spectra of organic molecules in an aqueous microjet, enlarging the available collection of aqueous vertical ionization energy (VIE aq ) and half-cell reorganization energy (λ aq ) values. Second, we aim at the computational reproduction of the measured PE energy levels, using state-of-the-art simulation methodologies. Third, we explore and interpret the physical processes that influence vertical ionization energies in solution, based on analysis of the combined set of experimental and simulation data. These findings advance our insights into the role of aqueous solvation during the oxidation process, and they also contribute to the development and testing of computational methodologies for simulation of one-electron oxidations of organic solutes in aqueous solution. ). All solutions, including the reference water sample, contained 40−50 mmol kg −1 NaF to counter charging effects. Electron emission from the salt does not contribute to binding energies lower than 10 eV, and furthermore, all of our previous studies on many aqueous solutions have shown no measurable counterion effects on both the solvent and the solute photoelectron spectra at this rather low concentration. We do not expect direct interactions of the ions with the neutral organics measured, which would require close contact/ complexation. The solubility of the studied organic compounds was limited, resulting in molal compositions as follows: aniline 127 mmol kg −1 , pH = 8.5; methoxybenzene 10 mmol kg −1 ,pH = 7.4; veratrole alcohol 15 mmol kg , pH = 10.25. Valence photoemission measurements of these solutions were performed at the undulator beamline U41-PGM of the BESSY II synchrotron facility, Berlin. Photoelectron (PE) spectra were recorded from a 24 μm liquid microjet of the solutions, injected into vacuum with a velocity of 50 m s −1 (backing pressure ≈ 5 bar). The reservoir temperature was up to 293 K. The jet temperature in the interaction region was previously estimated to be around 283 K by evaporative cooling modeling.
14 The details of the experimental setup are described elsewhere. 12, 13, 27 The photon energy was 200 eV, and the energy resolution was ≈100 meV. Reported spectra are calibrated to the water 1b 1 peak (11.16 eV binding energy) and normalized to the (storage) ring current of BESSY. The reported spectra are differential spectra from which the solvent spectrum has been subtracted. The temperature in the aqueous microjet may not be well-defined. However, the resulting ionization energies are treated as ionization at 298 K for the purposes of comparison to experimental adiabatic data ( Figure  1 ) and simulations carried out at 298 K.
■ COMPUTATIONAL DETAILS Gas Phase Ionization Energies. Stationary Geometry Structures. All calculations were performed with Gaussian09, Rev. B.1.
36 Structures of both closed-shell and open-shell (oxidized) organic molecules were geometry optimized with the B2PLYPD 37 double hybrid functional together with Ahlrich's tzvpp 38 basis set. The basis for heteroatoms (N, O, S) was augmented with diffuse functions from Dunning's augcc-pVTZ 39 basis set. This is referred to as (partially augmented) pa-tzvpp. For phenolate and phenoxyl radical, all centers included augmented basis sets (aug-tzvpp) to accommodate the negative charge on phenolate. For the structures of thymidine and its radical cation, Pople's 6-311+G(d,p) basis set 40 was used instead to decrease computational cost. The nature of structures (minimum, saddle point) was confirmed by harmonic normal-mode analysis. 41 On these structures, single point calculations were performed with different electronic structure methods to determine AIE gas and VIE gas values, explained below.
AIE gas Values. Adiabatic ionization energy calculations were performed with B2PLYPD, employing Ahlrich's qzvpp 38 basis set further augmented by diffuse functions from Dunning's augcc-pVQZ 39 basis, denoted aug-qzvpp throughout the article. Additional calculations were performed with several composite methods: ROCBSQB3, 42 W1RO, 43 W1U, 44 and W1BD. 44 For all composite methods, structures were not geometry-optimized with the respective associated methods; geometries were instead obtained from B2PLYPD calculations as discussed above. Based on a previous assessment of radical geometries and vibrational frequencies, 45 we believe that the B2PLYPD structures and vibrational frequencies are superior to their B3LYP counterparts with which these composite methods were designed. Throughout the article, (RO)-CBSQB3 and the different W1 methods always refer to electronic energy calculations with the composite protocol, using the structures and harmonic frequencies from the B2PLYPD calculations.
We preferred W1BD energies as reference results, although W1RO was preferred when remaining spin contamination was present or when W1BD was not computationally affordable. For the VIE computation on phenolate, neither of these methods converged, and W1U was used instead. For thymidine, ROCBSQB3 was not affordable. The reported results correspond to the ROCBSQB3 data for thymine, plus the difference between thymine and thymidine ionization energies evaluated by B2PLYPD.
Calculated AIE gas values are given at 0 K, including harmonic zero-point vibrational energies, to allow direct comparison to available experimental data. Temperature contributions (298 K) to the AIE gas , reported separately as ΔG rotvib , are given as the difference between the electronic ionization energy and the ionization energy at 298 K. These are rotational and vibrational contributions to the free energies, accounted for by using the rigid rotor and harmonic oscillator approximations. 46 VIE gas Values. VIE gas values were calculated on the optimized geometry of the respective closed-shell molecule, and are reported as differences in electronic energies between the ionized and reduced states. To diagnose for temperature (vibrational) effects on the VIE gas , we performed VIE gas calculations on a minimum energy structure and also on a single vibrationally averaged structure as follows. Geometries were optimized with the B3LYP/pa-tzvpp model chemistry. In additional calculations with the same model chemistry, vibrationally averaged geometries were calculated (298 K) using the VPT2 47 protocol. On both structures, the VIE gas values were calculated with the B3LYP/pa-tzvpp model chemistry. The difference is reported as
Solute−Water Binary Complexes. The geometries of binary clusters between closed-shell organic molecules and water were optimized in a cluster-continuum scheme. The M06L 48 /aug-cc-pVDZ model chemistry was used to optimize each solute-water binary cluster, and the SMD 49 aqueous solvation model was employed to account for solvation of the cluster. All structures of binary clusters were confirmed to be energetic minima by normal-mode analysis. On these cluster geometries, gas phase binding energies between solute and water molecule were calculated with the (RO)BHandHLYP 50 / aug-cc-pVTZ 39 model chemistry, using the counterpoise correction 51 throughout. Intermolecular interactions involving radicals can differ from those of analogous closed shell systems, 52 and the above model chemistries were selected based on their good performance in our recent assessment of weak interactions involving radicals with polar molecules such as water. 53 In additional calculations, the binding energy calculations were repeated using identical geometries, but in the n −1 electron (oxidized) configuration:
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Gas Phase Conformational Analysis for ODMB and Veratrole Alcohol. For o-dimethoxybenzene and veratrole alcohol, we analyzed the rotamers associated with the rotation of the methoxy group (and the orientation of the −CH 2 OH group for veratrole alcohol) relative to the aromatic ring in the gas phase. Gibbs free energies were computed based on (RO−)CBSQB3 electronic energies with B2PLYPD/pa-tzvpp structures, including thermal effects based on vibrational and rotational data from B2PLYPD/pa-tzvpp computations. Relative Gibbs free energies, ΔG conf , are given with respect to the most stable conformer. ΔG conf values are reported for each stationary structure, and a degeneracy term g describes the contribution to the Boltzmann distribution of the ΔG conf value.
For veratrole alcohol, many stable conformers exist in the gas phase: the -OCH 3 groups assume three different configurations, trans, gauche, and all-gauche, in analogy to ODMB. Additionally, the internal rotation of the −CH 2 OH group visits four minima during a full turn. For each of those, the −OH group can point away from the aromatic ring, or point toward the aromatic ring ("in" and "out", respectively). This results in n = 28 unique conformers of C 1 symmetry. Each of these unique conformers are two-fold degenerate (g = 2), with the degenerate systems behaving like stereoisomers of each other. The population of each conformer was determined using a Boltzmann distribution according to the computed ΔG conf values. We grouped these conformers, and we report weighted average values and weighted standard deviations for the Gibbs free energies (with respect to the most stable conformer) and VIEs. The averaging is again based on weights from the Boltzmann distribution of the individual ΔG conf values.
The tabulated VIE and AIE values of veratrole alcohol were calculated as follows. For the total VIE at T = 298 K, the VIEs of the 28 conformers were considered with their respective Boltzmann populations (weighted average). The small temperature effects (ΔVIE vib.av. ) were not considered. The AIE at T = 0 K was based on the lowest energy conformer of both the neutral and the radical cation species. For the AIE at T = 298 K, conformers of both the neutral (n = 28) and the radical cation (n = 2) system were considered:
ox conf,ox red conf,red ox red (9) n ox (n red ) is the number of considered conformers of the radical cation (neutral) system, w ox (w red ) is the Boltzmann weight of each conformer, and ΔG conf is the free energy change with respect to the lowest energy conformer of the oxidized (reduced) manifold. For the radical cation, B2PLYPD geometry optimizations yielded trans-out as the only stable conformers, with the −OH group in the ring plane (C s symmetry). For the purely computational decomposition of ΔVIE aq to ΔVIE aq/def/hyd of the individual conformers (described below by eqs 13−15), VIE gas values of the individual conformers were computed at the EOM-IP-CCSD level (see below), and these values were used together with the corresponding CBSQB3-based Boltzmann weights.
In addition to calculations of local minima, a potential energy surface scan of the out-of-plane rotation of one of the methoxy groups of ODMB was performed. That is, the dihedral angle d COCC was held fixed, while the rest of the system was allowed to relax for incrementally varied values of the d COCC dihedral. Resulting partially constrained geometry optimizations were obtained with the BLYP-D2 59 /aug-cc-pVDZ 39 model chemistry, using Gaussian09, Rev D.1. On these structures, VIE gas values were computed with EOM-IP-CCSD 68 with 6-31+G* and aug-cc-pVDZ basis sets, using Q-Chem 4.0.1.0. 67 Aqueous QM/MM Molecular Dynamics. Molecular dynamics (MD) simulations of aqueous solutes were preequilibrated employing a classical potential with AMBER 11, 54 using the GAFF 55 to describe the solute and the polarizable POL3 56 force field for solvent molecules. A 55 × 55 × 55 Å cubic box with periodic boundary conditions was used. In both classical MD and the subsequent QM/MM MD simulations, the geometries of water molecules were constrained using the SHAKE algorithm. 57 QM/MM MD simulations were performed with the CP2K 58 software package. Aqueous solvent was represented by the classical polarizable POL3 56 force field. The organic solute was represented quantum mechanically as follows. We used the BLYP functional with Grimme's D2 dispersion correction, 59 where the core electrons were represented by GTH pseudopotentials, 60 and the valence electrons were represented by a Gaussian and plane waves (GPW) setup. 61, 62 The cutoff for the plane waves was set to 300 Ry, and the TZVPP basis set optimized for GTH pseudopotentials was used. The convergence criterion of the electronic energy was set to 1 × 10 . Periodic boundary conditions were used. The coupling between the QM region and the MM region is described elsewhere. 63, 64 As the same MM box dimensions were employed for dynamics simulations of each solute, the number of water molecules in the periodic box varied from 4885 to 4884, depending on the size of the solute. Separately chained Nose−Hoover thermostats were used for the QM and the MM regions, with chain lengths of three and time constants of 1000 in both cases. QM/MM MD was performed in the NVT ensemble at T = 300 K with an integration time step of 0.5 fs. The total simulation time was 30 ps, of which the first 5 ps was considered an equilibration period and was excluded from further analysis.
Additional gas phase MD simulations were performed on veratrole alcohol with Q-Chem 4.0.1.0. These NVE simulations used the BLYP-D2/6-31G* model chemistry, a time step of 0.48 fs, and an SCF convergence of 1 × 10 −6 E h . Aqueous Phase VIE Computations. VIE aq calculations were performed with a QM/effective fragment potential (EFP) 65, 66 scheme as implemented in Q-Chem 4.0.1.0.
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From each production MD trajectory of 25 ps length, 499 system geometries ("snapshots") were extracted at equidistant (50 fs) time intervals. Autocorrelation analysis of the snapshot VIE aq values confirmed that these time series data were mutually independent. Using the solute−solvent conformations from these snapshots, VIE calculations of microsolvated clusters of different sizes were performed, where each cluster was centered on the organic solute. These included (a) a gas phase VIE calculation with the EOM-IP-CCSD 68 /6-31+G* model A stiff, fixed geometry EFP model of water from the Q-Chem EFP library was used. This was superimposed onto the (also fixed geometry) POL3 water molecules from the QM/MM MD trajectory by minimizing the squared deviation of the absolute coordinates in all three centers, for all waters in the cluster.
Calculation of Redox Quantities. AIE aq,298K values were calculated from experimental one-electron redox potentials using eq 1. An absolute potential of the standard hydrogen electrode of 4.28 V 69 was used together with a Faraday constant of F = 96485.3365 C mol −1
. λ aq,298K was computed by eq 1, based on AIE aq,298K data and VIE aq values derived from aqueous microjet PE spectra. AIE gas,298K was calculated as the sum of the electronic energy difference between the oxidized and reduced species and the corresponding ΔG rotvib .V I E gas,298K was calculated as the sum of appropriate electronic energy difference and ΔVIE vib.av. . λ gas,298K was calculated as VIE gas,298K − AIE gas,298K , analogous to eq 1.
Data Processing for Simulated Aqueous PE Spectra. Gas Phase Correction to the Aqueous VIE Values. A collection of VIE aq values was obtained, using the EOM-IP-CCSD/6-31+G* model chemistry to describe the solute coupled with EFPs to describe solvent water molecules. To correct for systematic errors in VIE aq data computed by EOM-IP-CCSD/6-31+G*, we performed additional EOM-IP-CCSD/ 6-31+G* calculations of VIE gas on the gas phase stationary structure of the solute obtained with B2PLYPD/pa-tzvpp. The difference in VIE gas computed with EOM-IP-CCSD/6-31+G* and VIE gas computed with the reference method (W1 or ROCBSQB3, denoted reference below) was subsequently added to the ensemble of computed QM/EFP VIE aq , VIE 2,aq , and VIE 3,aq values: For the simulated aqueous PE spectra, the negligible vibrational effects on the VIE i,gas values were omitted. For the simulated aqueous PE spectrum of veratrole alcohol, the conformers were not treated independently, and the resulting spectrum corresponds to the conformer populations as predicted by the BLYP-D2 model chemistry used for the MD simulation. The gas phase correction to the entire veratrole spectrum as shown in eq 10 was carried out using data for the trans-out conformer.
For the partitioning of the ΔVIE aq,comp into different components, three conformers of veratrole alcohol were considered separately. The snapshots of the MD trajectory were attributed to three conformers: trans if both d COCC <70°, gauche if one d COCC >7 0°, and all-gauche if both d COCC >7 0°.
By averaging over these regions in dihedral angle space, mean aqueous values for the individual conformers were obtained. These were combined with the corresponding conformerspecific gas-phase data (see above) to enable partitioning for the individual species independently of the conformer populations predicted by the MD protocol.
Data Smoothing of the Simulated VIE aq Distribution. The limited number (499) of solvated cluster snapshots did not lead to smooth histogram shapes for the simulated VIE aq . Therefore, we smoothed the distribution of VIE aq values with kernel density estimation. 70 For each VIE contributing to the spectrum, a Gaussian kernel of the form:
was used. The bandwidth h was selected assuming a Gaussian distribution of the data:
where σ is the standard deviation of the VIE aq distribution and n is the number of snapshots. This produces a smoothed distribution of each vertical ionization, labeled as VIE aq , VIE 2,aq , or VIE 3,aq in Figure 8 . For the smoothing of the complete spectrum, used for sampling error estimation (below), the largest bandwidth h encountered in the simulated distributions was used.
Estimation of the Sampling Error of the Simulated VIE aq Distribution. Autocorrelation analysis of the MD trajectories revealed that the 499 samples taken were mutually uncorrelated. The sampling error of each averaged VIE aq value was estimated to be ≈0.02 eV. In order to estimate the uncertainties in the VIE aq distributions arising from finite sampling, we used a bootstrap/resampling approach. 71 Resampling was applied to the total ensemble of VIE aq snapshots contributing to the simulated PE spectrum. The total VIE aq distribution was resampled with replacement 10 5 times. For each synthetic sample, the kernel density was estimated by eq 11, using h (eq 12) as determined for the original data. The mean VIE aq values of the synthetic sample set were visually indistinguishable from the original smoothed VIE aq distribution. In Figure 8 , at each value of the distribution, we show a band enveloping the 95% confidence interval (2σ) of the mean of the synthetic sample set.
■ RESULTS AND DISCUSSION
Selection of Organic Molecules Studied. We aim to explore the effects of aqueous solvation on the vertical ionization energy (VIE aq ) and the half-cell reorganization energy (λ aq ) of a diverse set of organic compounds. We report new experimental and simulated aqueous photoelectron spectra for aniline, veratrole alcohol, methoxybenzene, and imidazole. We also simulated the aqueous PE spectrum of phenol and compared these data to previously reported experimental aqueous PES data. For two compounds, aniline and veratrole alcohol, accurate aqueous oxidation potentials are also available, as determined previously by pulse radiolysis. This allows us to deduce half-cell reorganization energies for these two compounds. Finally, a simulated aqueous PE spectrum is reported for dimethylsulfide (DMS). DMS and methoxybenzene allow us to explore the role of hydrogen bond accepting moieties on the vertical ionization process. Additionally, calculations were conducted to predict the gas phase ionization properties of thymidine, phenolate, and protonated imidazolium, for which previously reported experimental aqueous phase PES data are available.
Gas-Phase Calculations. Before introducing aqueous phase data, we begin with a discussion of computed gas phase adiabatic ionization energy (AIE gas )a n dv e r t i c a l ionization energy (VIE gas ) values for all studied organic compounds, listed in Table 1 . Gas phase computations enabled us to separate and attribute the effects of solvation on the vertical and adiabatic ionization processes (Figure 1) . Below, we compare the quality of our modified CBSQB3 and W1 procedures to experimental AIE gas and VIE gas data, where available. Conformationally rigid molecules are discussed first. Veratrole alcohol and o-dimethoxybenzene (ODMB) both merit separate discussions, since these flexible molecules explore multiple stable conformations at 298 K. This applies to thymidine as well, but we did not perform a conformational analysis for this molecule (see below).
Quality of Computed AIE gas and VIE gas for Rigid Molecules. Our computed AIE gas values exhibit good agreement with experiment for the rigid molecules phenolate, aniline, methoxybenzene, phenol, imidazole, imidazolium, thymine, and DMS. Thymine was viewed as an analogue for thymidine. The tabulated experimental AIE gas data were measured previously by vibrationally resolved MATI and ZEKE methods. They refer to ionization at 0 K, including zero-point vibrational motion. With the exception of imidazole (discussed further below), the maximum absolute errors in computed AIE gas values of the rigid molecules were 0.04 eV for the W1 and 0.08 eV for the ROCBSQB3 composite electronic structure methods (Table 1) . Our modified ROCBSQB3 protocol agrees well with data produced by the original ROCBSQB3 protocol, which was evaluated recently for gas phase adiabatic ionization energies of a set of aromatic and aliphatic organic molecules. 72 The effects of temperature on AIE gas are reported as ΔG rotvib , defined as the change in the adiabatic ionization energy on going from 0 to 298 K. Vibrational effects are found to be only a minor contribution (≤0.10 eV) to the computed AIE gas values, irrespective of whether we consider ionization at 0 K or at 298 K.
Computed VIE gas values agree with experiment to within the reported bounds of experimental variability for phenol, aniline, and methoxybenzene. Experimental VIE gas values are deduced from gas phase PE spectra that are recorded at elevated temperature, usually at 60 to 70°C. These experimental VIE gas data exhibit a significant spread. In Table 1 , the listed experimental data ranges correspond to values reported in the NIST webbook. 73 The computed VIE gas values lie within 0.08 eV of these ranges, with the exception of imidazole (discussed further below). We performed VIE gas calculations on both stationary as well as vibrationally averaged (VPT2) geometries at 298 K, and the VIE gas difference is given as ΔVIE vib.av. (Table  1 ). The contributions of ΔVIE vib.av. are small (≤0.08 eV) in all cases.
Finally, the experimental AIE gas and VIE gas values of imidazole are controversial topics, as recently summarized by Schwell et al. 74 Published adiabatic values are 8.66 and 8.81 eV, whereas published vertical values range from 8.78 to 9.12 eV. For a small molecule without conformational flexibility such as imidazole, the quantum chemical protocols employed by us should yield highly accurate results. Computations support an AIE gas of 8.84 eV and a VIE gas of 9.11 eV, respectively. It is worth noting that the assignment of experimental VIE gas values is not unambiguous: in the PE spectrum of imidazole, 75,76 the first peak exhibits a pronounced fine structure, is non-Gaussian, and is tailing. The assignment of the experimental VIE gas value thus depends on the type of data processing used.
Conformations of o-Dimethoxybenzene. The flexible molecule ODMB is a simpler analogue of veratrole alcohol, a compound for which we measured an aqueous photoelectron spectrum. According to previous reports 86 and also according to our own B2PLYPD calculations, three stable rotamers of ODMB exist in the gas phase, as shown in Figure 2 . We computed the Gibbs free energy difference of the conformers relative to the most stable (trans) conformer, labeled ΔG conf in Figure 2 , based on CBSQB3 electronic energies and B2PLYPD geometries and frequencies. The trans and gauche conformers are separated by only 2.1 kJ mol −1 , and thus, both conformers need to be considered in VIE gas computations at 298 K. Using Boltzmann weighting of the conformer relative free energies and accounting for the degeneracies of each conformer, we predict the relative populations of the trans/gauche/all-gauche conformers to be 33:57:10% at 298 K. To allow direct comparison with experiment, 86 we repeated the calculations at the experimental temperature of 333 K, yielding a 32:58:10% distribution. This is in good agreement with the reported experimental distribution of 36(±16):50(±12):14 for trans, gauche,a n dall-gauche conformers, respectively. 86 It is challenging to make confident computational estimates of the relative populations of conformers having free energy differences as small as 2 kJ mol −1 to 3 kJ mol −1 . Nonetheless, these findings explain the gas phase photoelectron experiment for ODMB, 85 in which the reported VIE gas of 8.17 eV lies approximately halfway between our computed VIE gas values of the trans (7.95 eV) and gauche (8.36 eV) conformers. Considering its much higher VIE gas of 8.80 eV, the all-gauche conformer would likely not significantly influence the peak maximum observed in the PE spectrum. A weighted average of the trans and gauche conformers yields a VIE gas of 8.21 eV, close to the experimental peak maximum.
In Figure 3 , we show the pronounced dependence of the three lowest vertical ionization energies, VIE gas , VIE 2,gas , and VIE 3,gas , on the dihedral angle of one methoxy group relative to the aromatic ring (d COCC ). With increasing nonplanarity (d COCC > 0), both VIE gas and VIE 2,gas rise by several tenths of an eV, whereas VIE 3,gas exhibits the opposite behavior. This means that interpeak distances in PE spectra can be influenced by varying conformer populations, highlighting the importance of accurate theoretical calculations for interpreting experimental PE spectrum data for flexible molecules.
The computed AIE gas of ODMB of 7.68 eV is in excellent agreement with the experimental value 82 of 7.6395 ± 0.0006 eV. For the computation of AIE gas , only the planar trans conformer was considered for both the neutral and oxidized radical cation species. The authors of the experimental study reported that only the trans conformer was observed. Although it is beyond the scope of the present study to determine why only one conformer was apparently observed in the AIE experiment, this may be explained by fast conformer interconversion (see SI). In the oxidized radical cation state, however, the trans conformer is clearly the only relevant species, as can be deduced from the VIE gas values shown in Figure 2 .
Conformations of Veratrole Alcohol. For veratrole alcohol, neither a gas phase PE spectrum nor experimental data concerning the populations of the gas phase conformers are available. Two types of conformers require consideration: (1) conformers arising from the deplanarization, in analogy to ODMB, and (2) conformers arising from the orientation of the −CH 2 OH group. The −OH moiety can either point away from the aromatic ring (out), or toward the aromatic ring (in). Conformers with the OH group in the ring plane, as reported by Miller et al. for benzyl alcohol with the B3LYP functional, 87 were found to be transition states for veratrole alcohol with the B2PLYPD method. Throughout a full internal rotation of the −CH 2 OH group, four minima are visited, each of which exhibits stable in/out conformers. We considered a total of 28 unique conformers, each being 2-fold degenerate. Using the computed populations of all conformers, the average VIE gas of veratrole alcohol is predicted to be 8.21 eV. To facilitate the interpretation, we grouped them by the type of -OCH 3 conformation (trans, gauche, all-gauche) and the orientation of CH 3 OH (in, out). The populations, averaged relative energies, and averaged VIEs are shown in Figure 4 .
For the neutral molecule, the two clearly dominant conformer types are trans-in and gauche-in. For the correspond- Populations P are derived from Boltzmann statistics at T = 298 K, n is the total number of unique conformers in one group, and g is their degeneracy. Relative free energies (with respect to the lowest energy conformer) and VIE gas numbers are weighted averages over different conformers, obtained from ROCBSQB3 calculations. Listed distribution widths are weighted standard deviations.
ing cation, trans-out conformations were found to be the only stable structures. Using VIE data of the neutral state as a proxy to gain insight into ionized state energetics, we estimate that the unstable gauche conformations would lie ≈40 kJ mol −1 to 50 kJ mol −1 higher than those of the trans conformers. Summary of Gas Phase Ionization Energy Results. Our modified ROCBSQB3 and W1 protocols were found to predict AIE gas of rigid organic molecules to within 0.04 and 0.08 eV, respectively. For VIE gas , computed W1 and ROCBSQB3 values fall within 0.04 eV of the ranges of published values, with the exception of DMS, for which the discrepancy amounts to 0.1 eV. Given the good performance of these computational methods for AIE gas , we prefer the use of computed VIE gas values for the analysis of solvation effects, as these do not suffer from apparently substantial experimental uncertainties. Additionally, based on the observed good quality of CBSQB3 computed ionization energies, we use this method to estimate AIE gas and VIE gas values where no experimental data are available. This included the adiabatic and vertical ionization energies of veratrole alcohol and thymidine. For these two compounds, the (RO−)CBSQB3 method works well for their smaller analogues, ODMB and thymine.
Uncertainties in computed VIE gas values may arise in molecules with significant conformational freedom. For ODMB, the shapes of the potential energy surfaces are very different in the reduced and oxidized state, and thus the VIE gas values of different neutral conformers can be quite different from each other. Consequently, small errors in the population analysis can lead to large errors in the predicted mean VIE gas . Nevertheless, we obtained good agreement between computation and experiment for relative populations of ODMB conformers, as well as corresponding AIE gas and VIE gas values. Thus, we expect reasonable results for our reported predictions for the structural analogue veratrole alcohol.
Finally, we did not perform an extensive conformational search for thymidine. For this flexible system, many stable gas phase conformers exist, 88 several of which are close in energy. An accurate evaluation of conformer populations for a molecule of this size would be expensive, and a detailed study of the influence of thymidine conformations on the gas phase VIEs was beyond the scope of the present study. The data in the present manuscript is based on a single conformer that does not exhibit an intramolecular H-bond from the sugar to thymine, in analogy to a previous study on the photoelectron spectra of thymidine. 26 H-bonding to the thymine unit is expected to raise the VIE (see Figure 10 and related discussion), and the VIE gas reported here represents a lower bound. Considering the proximity in energy of conformations with and without intramolecular H-bond, 88 the true VIE gas may be as much as ≈0.15 eV higher in energy than the 8.74 eV reported in Table  1 . (For comparison, another single-conformer VIE gas of thymidine was previously estimated to be 8.58 eV with a different methodology.
26 ) The AIE gas should be less affected, for reasons analogous to veratrole alcohol. In the oxidized state, we expect conformers exhibiting an intramolecular hydrogen bond to be high in energy, and thus to either not be stable minima or to remain unpopulated. Thus, our best estimate for VIE gas of thymidine is 8.7 to 8.9 eV, and this uncertainty propagates to λ gas and ΔVIE aq (see below). Owing to the interest in thymidine ionization from a biological point of view, the influence of conformers on the VIEs of thymidine warrant further studies.
Aqueous Photoelectron Spectroscopy. We measured liquid aqueous microjet PE spectra of aniline, veratrole alcohol, imidazole, and methoxybenzene. For the first three of these compounds, the lowest aqueous VIE aq values can be extracted from PES data. From available experimental VIE aq data and our computed VIE gas data, we can determine ΔVIE aq values. For aniline and veratrole alcohol, experimental aqueous oxidation potentials are also available, which allows the determination of half-cell aqueous reorganization energies (λ aq )f o rt h e s e compounds.
Experimental Aqueous Phase Photoelectron Spectra. Measured aqueous PE spectra ( Figure 5 ) reveal two welldefined VIE aq bands at 7.49 and 8.62 eV for aniline and three VIE aq bands at 7.68, 8.63, and 9.64 eV for veratrole alcohol. Each successive band corresponds to the ejection of single electrons of increasing binding energy from the solvated molecule. We also report an updated photoelectron spectrum of imidazole, which features two distinct bands at 8.51 and 9.80 eV. The lowest band, VIE aq ,d i ffers significantly from the previously reported value of 8.26 eV. 24 The current imidazole measurement improves over the old one: it features a better signal-to-noise ratio, the addition of salt to the solution to counter charging effects, and likely a lower gas-phase contribution to the signal. For methoxybenzene, the measured signal is too weak to allow a reliable quantitative determination of VIE aq , presumably owing to the lower solubility of this compound ( Figure S1 ). Finally, to enable further data comparisons including previously unreported peak widths, we also analyzed published aqueous microjet PES data for phenol, 27 for which we refitted VIE aq and VIE 2,aq values of 7.84 and 8.68 eV. These values agree with the previously reported peak positions of 7.8 ± 0.1 eV and 8.6 ± 0.1 eV, respectively.
For the neutral species aniline, imidazole, veratrole alcohol, thymidine, and phenol, the measured VIE aq value is substantially red-shifted with respect to the computed VIE gas value, indicating that aqueous solvent stabilizes the vertical ionization. For these compounds, ΔVIE aq values range from ≈−0.5 to −0.91 eV (Table 2) . By comparison, the positively charged imidazolium exhibits a much larger ΔVIE aq value of −6.34 eV. This suggests that a beneficial orientation of solvent dipoles, already organized by the reduced monovalent cation, enables the divalent cationic oxidized species to receive substantial stabilization by the solvent. Conversely, the presence of solvent is severely destabilizing for the VIE of phenolate, which exhibits a highly unfavorable ΔVIE aq value of 4.79 eV. This can be explained by the organized orientation of solvent dipoles around the anionic reduced solute, an arrangement that is apparently highly destabilized in the oxidized neutral state.
Aqueous PE spectral bands are significantly broadened compared to the same features in the gas phase spectra. For aniline, we fitted FWHM 1,aq = 1.02 eV and FWHM 2,aq = 0.98 eV, whereas gas phase spectra produce FWHM 1,gas = 0.6 eV, and FWHM 2,gas = 0.4 eV. 84 Similarly, for phenol we obtained FWHM 1,aq = 1.10 eV and FWHM 2,aq = 0.84 eV, whereas the extracted gas phase values 84 are 0.5 and 0.4 eV, respectively. Peak broadening in the aqueous phase arises because different solvent conformations lead to increased variability in the stabilization of both the reduced and oxidized states.
Although PE spectral bands are red-shifted by the presence of aqueous solvent, we observe that interpeak distances remain unchanged in aqueous phase spectra relative to gas phase spectra. For aniline, the interpeak distance of the two lowest bands in the aqueous PES is ≈1.1 eV, which is similar to the gas phase interpeak distance of ≈1.1 eV. 84 For imidazole, the lowest two bands exhibit an interpeak distance of 1.29 eV in both aqueous phase (this study) and gas phase. 76, 89 For phenol, the interpeak distance VIE 1 and VIE 2 changes by 0.1 eV upon solvation, when compared to the gas phase spectrum. 84 These results suggest that the solvent-induced stabilization is of similar magnitude for the different pairs of valence electrons and associated vertically ionized states, rationalized as follows. For the small aromatic systems considered here (aniline, phenol, imidazole), the orbitals involved in the lowest transitions are delocalized π-orbitals of the aromatic ring. This is supported by gas phase EOM-IP-CCSD calculations, which identified ionization from delocalized π-orbitals of the Hartree−Fock reference as the main contributions to both VIE gas and VIE 2,gas . Owing to the delocalized nature of the resulting electron hole, Considering data exclusively for the gauche conformer, which is likely the most abundant conformer in both gas and aqueous phase. the electrostatic potentials of the first and second vertically ionized states may indeed be similar. As a result, the electrostatic interactions between the solvent and the different lowest electronic states of the radical cation could be of similar magnitude, resulting in the observed conservation of the interpeak distance in solution relative to gas phase.
Finally, insight into the aqueous PE spectrum of veratrole alcohol is less clear. Our analysis of gas phase PE spectra for ODMB and simulations of the gas phase spectrum of veratrole alcohol revealed that different conformers can have varying VIE gas values (above). Hence, theoretical simulations are needed to guide further interpretation of the aqueous PE spectrum data of this flexible molecule, as is shown below.
Reorganization Energies in Gas and Aqueous Phase. With the aim of better understanding the role of solvent reorganization in one-electron oxidation reactions, we extended the available database (phenol, phenolate) 27 of half-cell aqueous reorganization energies, λ aq , to include aniline and veratrole alcohol. λ aq can be deduced from experimental data by subtracting the AIE aq from the VIE aq (eq 1). This definition of λ aq is not restricted by the LRA employed in Marcus theory. 19, 29, 30 We used literature values of oxidation potentials and measured VIE aq data to determine λ aq (Table 2) .
In analogy to inner-and outer-sphere reorganization energies in Marcus theory, λ i and λ o , we can additionally separate λ aq of the half-cell reaction into gas phase and solvation contributions, 90 where λ aq = λ gas + Δλ aq (Table 2 and Figure 6 ). We determined λ gas values based on the best available gas phase quantum chemical calculation results (Table 2 ). λ gas values of neutral molecules vary between 0.14 eV (dimethylsulfide) and 0.73 eV (veratrole alcohol). Experimental λ aq values exhibit surprising constancy, ranging from 2.06 to 2.22 eV for aniline, phenol, veratrole alcohol, and phenolate, about an order of magnitude larger than gas phase values. Inspection of λ aq , Δλ aq , and λ gas data raise questions about the origins of contributions to the reorganization energy in solution (Table 2, Figure 6 ). For aniline, λ gas , linked to planarization of the amino group in addition to structural changes in the ring, is 0.08 eV higher than the value for phenol. Together with an additionally higher Δλ aq value (0.05 eV), aniline thus yields a somewhat higher λ aq value than phenol. For veratrole alcohol, the designation of a λ gas value is more difficult, due to the uncertainties in the computed conformer populations. Moreover, the experimental λ aq value of veratrole alcohol should contain changes in the conformer population when going from the vertically ionized state to the relaxed ionized state. In contrast to the gas phase, in aqueous solvation, we expect the gauche-out and trans-out conformers to be dominant for the reduced species, and trans-out to be the only dominant conformation for the oxidized species. Compared to the gas phase, an additional increase in λ due to in conformers is missing. We recalculated λ gas considering only the out conformers, leading to VIE gas =8.14 eV and AIE gas =7.43 eV. Based on these data, λ gas, out remains high at 0.71 eV. Hence, we would expect this gas phase contribution to propagate to λ aq , and it remained unclear why this is not the case. These λ aq and Δλ aq data are not easily interpretable and warrant further computational studies that include the calculation of oxidation potentials.
Simulated Aqueous PE Spectra by Ab Initio Molecular Dynamics. For aniline, phenol, imidazole, veratrole alcohol, methoxybenzene, and DMS, we simulated complete photoelectron spectra comprised of the two or three lowest aqueous vertical ionization energy bands. This was achieved by performing quantum mechanics/molecular mechanics (QM/ MM) molecular dynamics (MD) simulations of each organic solute (QM) in a bath of water molecules (MM), using periodic boundary conditions. We calculated valence VIE aq , VIE 2,aq , and VIE 3,aq values on 499 clusters ("snapshots") extracted from each production MD trajectory, where each cluster included the solute (described with EOM-IP-CCSD) and the 3072 water molecules (described with effective fragment potentials) most proximate to the solute. Calculations with several additional cluster sizes, centered on the solute, were performed to ensure the convergence of the VIE distribution with respect to cluster size.
Convergence of the Simulated VIE aq . We ensured that our simulated VIE aq values were converged in two ways: (a) the convergence of the averaged ionization energy with respect to simulation time and number of considered snapshots, and (b) the convergence of the averaged ionization energy with respect to the number of water molecules included in the solvent cluster. For aniline, phenol, imidazole, methoxybenzene, and DMS, the averaged VIE aq stabilizes to within ±0.02 eV after 25 ps of simulation time ( Figure S2) . In Figure 7b , we show the convergence of the average VIE aq as well as the Gaussian-fitted VIE aq with respect to the effective radius of the simulated solute−solvent cluster. Beyond ≈256 water molecules, there are only small changes of the VIE distribution, and the distributions obtained with 2048 or more water molecules are barely distinguishable from each other. We consider the averaged VIE values to be sufficiently converged at an effective cluster radius of ≈25 Å, corresponding to a cluster containing the 3072 water molecules most proximate to the solute. At this cluster size, the shape of the VIE distribution has stabilized as well (Figure 7a) . The simulation VIE aq data reported in Figure S2 and in the remainder of the article are based on solvent clusters containing 3072 water molecules.
Owing to the computational cost, detailed convergence studies as shown in Figure 7 were only performed for imidazole. We performed computations up to the first 32 water molecules for the other organics as well, which exhibited significant differences in ΔVIE, attributable to difference in water orientation close to the solute. However, we expect the long-range convergence of the VIE with solvent cluster size to be comparable for the singly charged organics studied here: in all cases, the charge is delocalized in a single aromatic ring. Slightly larger cluster volumes could be necessary in special cases like strongly delocalized, nonspherical charge distributions, and further testing is advised in exotic cases.
Comparison of Simulated and Experimental Aqueous PE Spectra. Good agreement was found between simulated and experimental aqueous PE spectra for aniline, veratrole alcohol, phenol, and imidazole ( Figure 8 ). Simulated peak positions of the VIE aq match experiment to within 0.26 eV or less for all four compounds. Experimental peak widths range from 0.75 to 1.36 eV, expressed as FWHM values. By comparison, simulated peak widths are 1.00 ± 0.05 eV. Thus, the experimental peak positions, peak widths, and peak shapes are generally wellreproduced by simulation for all of these compounds. The simulated ΔVIE aq of phenol, −0.65 eV, is in excellent agreement with the value of −0.66 eV obtained in a previous study 27 in which a similar computational protocol was used. Computed ΔVIE aq values are summarized in Table 2 .
For methoxybenzene, where the experimental signal is weak, only modest agreement between simulation and experiment was achieved. Possible sources for this discrepancy may be (i) insufficient experimental signal to enable meaningful interpretation; (ii) a weaker peak intensity of VIE aq relative to the VIE 2,aq band, an effect not considered during the simulation (see below); and (iii) accumulation of the solute at the air− water interface, leading to gas-like contributions to the measured aqueous spectrum (VIE gas is estimated to be 8.47 eV, Table 2 ).
A phenomenon we did not address is that of relative peak intensities. For example, the aqueous PE spectrum of imidazole features a VIE 2,aq peak of higher intensity than the VIE aq peak. This trend is also observed in the gas phase spectrum. 76 For aniline, the aqueous phase VIE aq peak is slightly more intense than VIE 2,aq , whereas in the gas phase this trend is reversed. Veratrole alcohol exhibits a substantially increased peak intensity for VIE 3,aq compared to VIE aq and VIE 2,aq , but this trend is not observed in the gas phase PE spectrum of the analogue ODMB. These observed changes in relative peak intensities may result from both solvation effects and from the anisotropy parameter 97 that governs the differential photoionization cross sections in solution. Appropriate protocols 98, 99 should be applied to solvated calculations directly to further explore these effects.
Origins of the ΔVIE aq . How can we further explore the effects of solvation on the vertical ionization process? To gain additional insight into this phenomenon, we conducted additional analysis on the shift in the vertical ionization energy upon going from gas phase into solution, ΔVIE aq (eq 2). For aniline, imidazole, and phenol, the experimental and simulated ΔVIE aq values agree to within 0.26 eV (Table 2, Figure 9 ). For veratrole alcohol, the experimental value of ΔVIE aq is calculated using the VIE gas value based on computed conformer weights, described above. This averaged VIE gas value was subtracted from the (bulk) experimental VIE aq . As the BLYP-D2-based dihedral angle distribution of the veratrole alcohol MD simulation is biased and not well-converged ( Figure S3 ), we do not provide a computed ΔVIE aq value. However, as the computed VIE aq of individual regions of dihedral angle space were found to be well-converged (see below), we provide this decomposition for different conformer groups.
Based on simulation data, we decomposed the ΔVIE aq into two separate contributions. We consider the change in VIE arising from the deformation of the solute due to solvation, ΔVIE def ,a s
where VIE 0·H 2 O represents the VIE computed in gas phase, using the ensemble of solute geometries extracted from the aqueous MD simulation. VIE gas is computed on the stationary gas phase structure. (14) where VIE 3072·H 2 O corresponds to the fully hydrated system that was used to compute ΔVIE aq .C o n s e q u e n t l yΔVIE aq is partitioned as follows: The magnitude of these contributions to ΔVIE aq are shown for six different solutes in Figure 9 . For all studied compounds, ΔVIE hydr is large and negative (−0.35 to −0.72 eV), corresponding to a lowering of the VIE upon hydration. The ΔVIE hydr is larger, on average, for the compounds that contain hydrogen bond donor moieties (phenol, aniline, imidazole) compared to those that do not (methoxybenzene, DMS). This is consistent with the observations of Ghosh et al. who simulated VIE values for microsolvated clusters of phenol 27 and thymine. 100 Ghosh and co-workers found that water molecules acting as H-bond donors increase the cluster VIE, whereas water molecules acting as H-bond acceptors decreased the VIE. To explore these trends further, we performed additional calculations on gasphase solute−water clusters using several different solutes, including phenolate, methoxybenzene, veratrole alcohol, thymidine, aniline, phenol, imidazole, and imidazolium. From simulations of these small clusters, we found that water molecules acting as H-bond donor always increase the VIE, whereas water molecules acting as H-bond acceptors always decrease the VIE (Figure 10 ). Thus, several lines of evidence indicate that solute H-bond donor groups contribute to an increase of the ΔVIE aq , whereas solute H-bond acceptor groups contribute to a lowering of the ΔVIE aq . A proposed explanation for this behavior is provided in the Supporting Information (SI).
Water molecules more distant from the ionized solute should lower the VIE aq irrespective of their orientations, on average, through polarization of their electron density. This is illustrated by the evolution of ΔVIE with increasing cluster size in Figure   Figure 8 . Comparisons between simulated spectra (solid lines) and experimental VIE aq spectra (circles), accounting for the first two or three ionizations. The red dashed lines envelop the 95% confidence interval (CI) of the simulated spectrum, indicating the uncertainty due to finite sample size.
The Journal of Physical Chemistry B 7. These data are again in qualitative agreement with Ghosh et al., 100 who evaluated the trend in VIE with respect to the length of a static chain of water molecules extending away from the solute. They found that the VIE stabilizes at a radial chain length of ≈25 Å, which is in good agreement with the convergence of the fully hydrated ΔVIE aq that we report in Figure 7 .
The change in ΔVIE aq attributable to solute deformation, ΔVIE def , is small for all compounds that we studied, having an absolute magnitude of ≤0.06 eV for all cases except the allgauche conformer of veratrole alcohol. In the cases where ΔVIE def is positive (phenol, methoxybenzene, and veratrole alcohol trans conformers), this increase in VIE can be ascribed to out-of-plane bending of either the OCH 3 or OH substituents during the MD simulations. Compared to the planar stationary structures of these molecules, the stabilization of the oxidized radical cation through positive mesomeric effects is less pronounced in the out-of-plane deformed structures.
In veratrole alcohol, two antagonistic effects act on ΔVIE def : On one hand, the in conformers of the −CH 2 OH group are not populated in solution, as H-bonding to solvent out-competes the OH-π interaction dominant in the gas phase. This results in a negative contribution to ΔVIE def for all types of conformers (trans, gauche, all-gauche)of≈−0.1 eV. On the other hand, the "planar" −OCH 3 groups of the trans and gauche conformers deplanarize during the MD simulation: we consider only the stationary, planar structure in the gas phase, whereas in the aqueous MD simulations, all geometries with dihedral angles of the methoxy groups <70°were defined as trans (see below). Owing to the flat torsional potential of o-methoxy groups, the gas phase system is also expected to explore dihedral angles significantly different from zero but within the basin centered around the planar trans conformation. This deplanarization adds a positive contribution to the ΔVIE def values of the individual conformers, balancing the negative contribution of the absence of in conformers. For the all-gauche conformer, however, further deplanarization is not possible, hence, the larger negative ΔVIE def of −0.12 eV.
Role of Conformational Dynamics for Aqueous Vertical Ionization of Veratrole Alcohol. The facile rotation of the o-methoxy groups of veratrole alcohol in aqueous solution at 298 K allowed us to explore the influence of solute conformational dynamics on the VIE aq . This feature does not arise for most of the other molecules considered in this study. Analysis of the veratrole alcohol MD trajectory reveals that the planar and gauche conformations are equally populated (51:49%). In analogy to the gas phase, the VIE aq is higher for the out-of-plane conformers, although this effect is found to be screened by hydration effects.
Previous studies have explored the conformations of the structural analogue ODMB in different organic solvents. Authors have reported the solvent dependence of planarity versus nonplanarity of ODMB in low-temperature glasses 101 and in the liquid phase. 101−104 However, the experimental reports leave it unclear whether nonplanarity implies only a temporary departure from planarity within the basin centered at the planar minimum, or whether, like in the gas phase, stable nonplanar conformers exist. To the best of our knowledge, there are no published data for the conformer populations of ODMB in the aqueous phase. We aimed to clarify whether nonplanar structures are visited in aqueous solution and, if so, whether these nonplanar structures represent stable conformers. Owing to the structural similarity between ODMB and veratrole alcohol, we assume that the conformational structures of these two molecules should be similar in any solvent, and that the results presented below for veratrole alcohol would be transferable to an aqueous solution of ODMB.
Does a stable gauche conformer exist for veratrole alcohol in aqueous solution? Based on the observation that the gas-phase barrier of the out-of-plane torsion is at about 70°, we divided the conformational space of aqueous simulations into two regions: one viewed as "planar" conformation (d COCC <7 0°) and the other as "nonplanar" (d COCC >7 0°) conformation. In Figure 11b , we show the visitation of aqueous phase conformers in the space spanned by the two COCC dihedral angles, based on MD simulations. According to MD simulations, these two regions are populated equally (51:49%), consistent with the interpretation that these two conformers exhibit a very low free energy difference in solution. Notably, the regions that lie in close proximity to the gas phase stationary structures, d COCC,1/2 =0°and d COCC,1/2 = 110°, are more densely populated compared to the regions corresponding to the gas phase transition structures (d COCC,1/2 =70°). This indicates that two stable basins, separated by a barrier, exist in aqueous simulations. This interpretation is further supported by the observed evolution of the dihedral angles with time ( Figure  11b ). The aqueous solvated system spends extended periods of time (≈1 to 5 ps) in the nonplanar (gauche) conformations, whereas the observed switches between the trans and gauche regions are much more rapid, occurring on time frames of 0.2 to 0.5 ps.
Is the gauche conformer of veratrole alcohol stabilized in aqueous phase with respect to the gas phase? This question is more difficult to answer, owing to technical shortcomings of the methods used in the simulation. The model chemistry employed in the QM/MM molecular dynamics simulation, BLYP-D2/TZVPP, overestimates the relative gas phase energy of the gauche conformer by ≈4 kJ mol
. Thus, BLYP-D2/ TZVPP would predict the trans conformer to be the uncontroversially dominant species in gas phase. However, this is clearly not the case, based on our analysis of ODMB and veratrole alcohol conformers with accurate thermochemical protocols (see above). As a consequence, gas phase BLYP-D2 MD results ( Figure S3a ) leave the gauche conformer unpopulated, whereas the real population should be ≈50%. However, aqueous BLYP-D2 MD simulations predict that the gauche basins are significantly populated (≈50%), indicating that the energy of this basin is lowered with respect to the gas phase. Thus, BLYP-D2 simulations suggest that the gauche conformer is indeed stabilized in aqueous solution relative to the gas phase. Nonetheless, this inference should be extended only tentatively to the real system, since the BLYP-D2/TZVPP model chemistry has unclear reliability for this subtle energy difference.
Finally, what is the influence of the methoxy group d COCC dihedral angle on the VIE aq of veratrole alcohol? Before discussing the effect of aqueous solvation, we consider the influence of the two methoxy group dihedral angles on the VIE gas evaluated with unsolvated geometries extracted from aqueous MD simulations (Figure 11a ). The trends observed for veratrole alcohol are comparable to the gas phase results found with partly constrained geometries of ODMB (Figure 3) , where nonplanarity leads to an increase in VIE gas . This can be rationalized by resonance arguments: the positive mesomeric effect of the methoxy groups is much more pronounced in the ionized species, creating a second minimum at the cis conformer, which is a transition state for the neutral compound. The behavior of veratrole alcohol VIE 2,gas and VIE 3,gas values (evaluated on desolvated geometries from aqueous MD simulations) is also comparable to the corresponding gas phase results found with partly constrained geometries of ODMB (Figure 3 ). Aqueous solvation masks this clear relationship between d COCC and VIE (Figure 11b ), although the overall increase of VIE aq with nonplanarity is still present. The averaged difference between the surfaces shown in Figure  11a ,b amounts to ΔVIE hydr (Figure 9 ). Partitioning the stable conformers as described above, we find that ΔVIE hydr is more negative for the gauche conformer compared to the trans conformer. This offsets the higher intrinsic VIE gas value of the gauche conformer, explaining why the computed VIE aq values of the gauche and trans conformers are separated by only 0.1 eV. Thus, both of these conformers occupy the lowest VIE aq band in the aqueous PE spectrum ( Figure 5 ). This illustrates clearly that the experimental PE spectra of flexible molecules may be difficult or impossible to interpret without the support of theoretical calculations.
■ CONCLUSIONS
In this study we present simulation data describing the aqueous vertical ionization process for six organic molecules, including aniline, imidazole, veratrole alcohol, methoxybenzene, phenol, and dimethylsulfide. New liquid microjet aqueous PE spectrum data are presented for the first four of these compounds. Using a fully solvated QM/MM protocol to generate a molecular dynamics trajectory and employing EOM-IP-CCSD with EFPs to describe the vertical ionization of solvent clusters, we correctly reproduce the positions (±0.26 eV) and widths (±0.3 eV) of the lowest two to three valence vertical ionization bands of four molecules for which reasonably resolved experimental data are available.
Experimental and simulation data enable us to investigate the physical nature of the VIE aq . We decompose VIE aq into a gas phase component, VIE gas , and a component describing the effect of aqueous solution, ΔVIE aq , for each solute. For six neutral organic molecules (aniline, veratrole alcohol, imidazole, thymidine, phenol, and DMS), we find that aqueous solution stabilizes the first vertical ionization energy by ≈−0.5 to −0.91 eV, compared to the gas phase.
With the aid of simulations, we further investigate the influence of aqueous solvent on the VIE. We partition the ΔVIE aq into the influence of deforming the gas phase solute into its conformation in solution, ΔVIE def , and a component describing the influence of hydration of the solute, ΔVIE hydr . We find that solute H-bond acceptor groups lead to an increase in the ΔVIE hydr , and solute H-bond donor groups lead to a decrease in the ΔVIE hydr . These trends are consistent with earlier observations of Ghosh and co-workers. 27, 100 It remains unclear whether phenol, which is amphoteric, obeys these trends. Phenol displays a large and negative ΔVIE aq value, despite being a good H-bond donor. Phenol also exhibits the largest discrepancy between computed and experimental ΔVIE aq values. Hence, the interplay between solvation pattern and ΔVIE aq is yet to be fully understood. To investigate this phenomenon in more detail, it would be informative to evaluate ΔVIE aq for other compounds that contain aromatic −OH functionalities, for example, benzenediols, as well as other chemical families not considered in this study.
In-depth analysis of the aqueous vertical ionization of a flexible molecule, veratrole alcohol, is revealing. Simulation data indicate that multiple stable conformers of veratrole alcohol exist in gas phase and also in aqueous solution. Individual conformers are found to exhibit distinct VIE values, both in the gas phase and in solution, due to the dependence of the VIE on the dihedral angles of the two methoxy groups of the phenyl ring. This provides direct evidence that electron transfers in solution are likely to be conformation-dependent for flexible molecules. These results also illustrate that the interpretation of experimental PE spectra may be complicated by the possible existence of multiple stable conformers. Similar situations likely exist for thymidine and other flexible molecules, owing to the large differences of the reduced and oxidized potential energy surfaces. Future investigations of such systems will be valuably aided by molecular simulations.
VIE aq data can be used to estimate one-electron reorganization energies of the donor half-cell reaction, in cases where the oxidation potential is also known. A surprising result is the apparent constancy of λ aq among the six compounds for which we could determine or estimate this property. This implies that in outer sphere electron transfer reactions involving different organic reductants, the λ aq of the redox couple may exhibit little variability. This would support the application of Marcus-type relationships or quantitative structure−property relationship (QSPR) models for the estimation of electron transfer rate constants that are not limited to a single structural family. However, owing to the limited available data on λ aq values for half-cell oxidation reactions, it remains unclear how and whether this apparent constancy can be generalized. Future measurements of aqueous vertical ionization should be conducted for other water-soluble compounds for which accurate one-electron oxidation potentials have been reported in the literature, for example indoles or methoxyphenols, which would enable the determination of additional λ aq values.
Lastly, our study shows that there is room for improvement of the current computational methodology, which left discrepancies of up to 0.26 eV with respect to experimental aqueous photoelectron spectra for the band maximum of the VIE aq . Simulation of the aqueous vertical ionization requires only the sampling of the reduced state potential energy landscape, and thus this calculation is less taxing than the analogous computation of the equilibrium oxidation potential. This avoids the technical complications associated with the simulation of radicals in solution. 105 The treatment of aqueous solvation of organic compounds remains the chief technical limitation for describing aqueous redox processes in silico.
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